Incomplete incompatibilities {#s0001}
============================

A key step in the origins of new species is the evolution of barriers to gene flow between previously interbreeding populations. Intrinsic postzygotic barriers---such as hybrid sterility or hybrid inviability---are caused by deleterious genetic interactions known as hybrid incompatibilities. While we have a strong theoretical framework to describe how such hybrid incompatibilities may arise, many empirical aspects of the molecular and evolutionary basis of hybrid incompatibilities remain poorly understood.[@cit0001] For a comprehensive understanding of how reproductive barriers evolve, we need to identify the genes that cause hybrid incompatibilities, dissect the molecular basis for hybrid dysfunction, and understand the biological forces that drive changes in the cellular machinery that lead components to become incompatible.[@cit0003] Addressing these aspects of hybrid incompatibilities across many species may not only reveal whether particular genes and pathways repeatedly play a role in speciation, but will also provide a unique view into the evolution of fundamental developmental processes. We still, however, lack a single case where the genetic, molecular and evolutionary causes of hybrid incompatibilities are fully understood. The single most important bottleneck in speciation research responsible for this gap in our understanding is the difficulty in identifying hybrid incompatibility genes. Even in the case of one of the long studied genetic model systems---*Drosophila melanogaster*---understanding the nature of hybrid incompatibilities has proven to be one of the longest standing and difficult quandaries in evolutionary genetics.[@cit0004]

The quest to understand the nature of hybrid incompatibilities using *Drosophila* started after Quackenbush, a master\'s student in T.H. Morgan\'s fly laboratory, reported his surprising observation of unisexual broods in experimental fly crosses.[@cit0006] A. H. Sturtevant later showed these skewed progeny ratios were a result of hybrid inviability in crosses between *D. melanogaster* and its closest sister species, *D. simulans*.[@cit0007] When *D. melanogaster* females are crossed to *D. simulans* males, they produce only sterile hybrid F1 females; hybrid F1 males from this cross die as late larvae and never develop into adults.

Sturtevant\'s attempts to describe the genetic basis of hybrid F1 male inviability in crosses between *D. melanogaster* females and *D. simulans* males were thwarted by the complete sterility or inviability of all hybrids. Schultz and Dobzhansky attempted to dissect the genetic basis of this hybrid male inviability by crossing triploid *D. melanogaster* females with *D. simulans* males, but even these crosses produced only sterile or dead hybrid offspring.[@cit0008] A major leap in our understanding of the genetic architecture of hybrid incompatibilities between *D. melanogaster* females and *D. simulans* came from a series of X-ray experiments by H.J. Muller and G. Pontecorvo.[@cit0009] In a seminal experiment, they crossed triploid *D. melanogaster* females to heavily irradiated *D. simulans* males to generate "partial-hybrid" progeny. By tracking the marked *D. melanogaster* chromosomes in these partial-hybrid progeny, they determined that the *D. melanogaster X, D. simulans* 2^nd^, and *D. simulans* 3^rd^ chromosomes were simultaneously required to cause hybrid male lethality.[@cit0010] The realization that epistatic interactions between genes from both species contribute to the incompatibility in hybrids fulfills a primary theoretical prediction for the evolution of isolating genes.

Despite Pontecorvo\'s revelation of the genetic architecture of hybrid male inviability between *D. melanogaster* and *D. simulans*, the problem of identifying the causal genes still remained out of reach for several decades. The sterility or inviability of all hybrids between these species provided an insurmountable barrier to approaches that rely on recombination or deletion mapping. This stalemate was broken by the discovery of strains that could produce viable hybrid F1 males. Naturally occurring strains in *D. simulans* were identified that, when crossed with *D. melanogaster* males, produced viable hybrid F1 males.[@cit0011] These *D. simulans* strains were named *Lethal hybrid rescue* (*Lhr*) for their hybrid rescue effect. Similarly, *D. melanogaster* strains that produce viable hybrid F1 males in crosses with *D. simulans* males were isolated; these were named *Hybrid male rescue* (*Hmr*).[@cit0012] The discovery of these naturally occurring rescue strains opened the door to the application of classic genetics approaches to identify the causal genes. Deletion mapping and transgenic experiments in *D. melanogaster* proved that a single X-linked gene that encodes a DNA binding protein at the *Hmr* locus was responsible for male rescue.[@cit0013] The discovery of *Lhr* relied on the insight that it was likely to be rapidly evolving, and *Lhr* was shown to be a member of the heterochromatin protein family present on the *D. simulans* 2^nd^ chromosome.[@cit0014] Neither *Hmr* nor *Lhr* are essential for viability in pure species, and the rescue effects of each are due to loss of function alleles of *Hmr* and *Lhr*. Together, the discovery of these mutations that can single handedly reverse the lethal hybrid incompatibility between substantially diverged species represents some of the biggest breakthroughs in speciation genetics.

While *Hmr*^*mel*^ and *Lhr*^*sim*^ have been confirmed as the *X* and *2*^nd^ chromosome incompatibility genes, transgenic expression of *Lhr*^*sim*^ in *D. melanogaster* is insufficient to cause male lethality.[@cit0014] Together with Pontecorvo\'s findings, these results suggest that *Hmr*^*mel*^ and *Lhr*^*sim*^ are insufficient to cause hybrid male lethality; at least one more hybrid incompatibility gene may also be required. Studies to understand the normal function of *Hmr* and *Lhr* suggest that they are repressors of centromeric or pericentric heterochromatin associated repetitive sequences and transposable elements.[@cit0015] It still, however, remains unclear how their function relates to the developmental arrest in male hybrids. With a gap in our genetic and molecular understanding of the system, we set out to devise a method to find the missing third hybrid incompatibility gene predicted by Pontecorvo\'s experiments to reside on the *D. simulans* 3^rd^ chromosome.[@cit0018]

A genomic screen for hybrid rescue {#s0002}
==================================

When *D. melanogaster* females are crossed to *D. simulans* males carrying a null allele at *Lhr*, viable hybrid F1 males are produced. Since at least three loci, including *Hmr*^*mel*^ and *Lhr*^*sim*^, are required to kill hybrid F1 males, we reasoned that a null allele of the hybrid incompatibility gene on the *D. simulans* third chromosome would also rescue male hybrids. In the absence of naturally occurring rescue alleles that correspond to this missing hybrid incompatibility gene -- strains that made the discovery of *Hmr* and *Lhr* possible -- the identification of this missing hybrid incompatibility gene proved impervious to existing genetic approaches. To sidestep these traditional barriers, we designed a screen for mutations in *D. simulans* that would break the hybrid incompatibility and result in viable hybrid F1 males. Because efficient balancer chromosomes are unavailable in *D. simulans*, it is not possible to maintain a large collection of mutagenized chromosomes. Instead, we fed *D. simulans* males the mutagen ethyl methane sulfonate (EMS) and crossed these males to *D. melanogaster* females. If a *D. simulans* sperm that carries a null mutation at the third incompatibility gene fertilizes a *D. melanogaster* egg, the resulting hybrid male is predicted to be viable. Though screening for viable hybrid F1 males by this method is straightforward, the resulting hybrid males are still sterile. Generating stable mapping strains using such a male is, therefore, not feasible.

We isolated six independent *bona fide* rescue hybrid F1 males. To identify all new mutations the *D. simulans* complement of their hybrid genomes, we obtained the whole genome sequences of each individual rescued hybrid male. These mutations were scattered at random across the genome, and any single hybrid male carried mutations at hundreds of genes. To isolate the causal rescue mutation from the haystack of mutations in each rescued hybrid male, we focused on the common set of genes disrupted in independently rescued hybrid F1 males. We reasoned that viable hybrid F1 males that are the result of a common mechanism of rescue would have disruptions in a common gene or handful of genes.

All six rescued hybrid males had exactly one commonly disrupted gene, *GST-containing FLYWCH zinc-finger protein* (*gfzf*) / *Suppressor of Killer-of-prune* (*Su(Kpn)*).[@cit0019] Each male carried a unique mutation at the *D. simulans* allele of *gfzf* (*gfzf*^*sim*^), including deletion, missense, nonsense and frameshift mutations. Curiously, we did not isolate any males with mutations in *Lhr*, suggesting that the screen was not carried to saturation. Because *gfzf* has a much larger coding sequence than *Lhr*, our failure to isolate a mutation in *Lhr* may also be explained by the difference in the mutational target sizes. Regardless, our suite of mutations gave us a strong candidate gene in the form of *gfzf*.

Our results predicted that removing or reducing the expression *gfzf*^*sim*^ in hybrid F1 males should result in a rescue their viability. Because *gfzf* is a viability essential gene, and no *D. simulans gfzf* mutants are available, we resorted to using RNA interference to test this prediction. We designed RNAi knockdown constructs that only target the *gfzf*^sim^ allele. We generated transgenic *D. melanogaster* females that carried these *gfzf*^*sim*^ knockdown constructs and crossed them to *D. simulans* males. Knockdown of *gfzf*^*sim*^ consistently produced a robust rescue of the viability of hybrid F1 males, showing that *gfzf* is indeed the missing hybrid incompatibility gene predicted by Pontecorvo to exist on the *D. simulans* 3^rd^ chromosome.[@cit0018]

Molecular function of *gfzf* {#s0003}
============================

While the exact molecular role of *gfzf* remains unclear, it appears to play an essential role in cell cycle regulation in *Drosophila*. A genome-wide RNAi screen to identify G~2~/M checkpoint genes in *D. melanogaster* S2 cells identified *gfzf* as a significant player.[@cit0021] *gfzf* has also been shown to play a role in blocking cell proliferation by potentiating the dE2F2/ RBF pathway.[@cit0022] Other evidence points to a role as a positive regulator of cell proliferation. The *Ras* pathway is regulated transcriptionally by *gfzf* and gain of function *Ras* phenotypes are suppressed by loss-of-function alleles at *gfzf*.[@cit0023] It is possible that the interaction of *gfzf* with the cell cycle is dependent on the context of its interactions with other genes not yet identified. Together, these results suggest an important role for *gfzf* in regulating the cell cycle in *Drosophila* and provide some insight into the developmental arrest of hybrid F1 males between *D. melanogaster* and *D. simulans*.

Could the role of *gfzf* in cell cycle regulation directly cause hybrid male inviability in *D. melanogaster* and *D. simulans* hybrids? A clue is provided by the observation that hybrid F1 males display cell cycle progression defects, degenerated imaginal discs and die at the late larval stage.[@cit0024] This is interesting because cell cycle checkpoint activation due to genetic or environmental insults such as X-ray irradiation also causes ablation of the imaginal discs and subsequent lethality at the late larval stage.[@cit0025] Why are imaginal disc cells particularly susceptible to DNA damage? *Drosophila* larvae mostly consist of polyploid cells with the exception of imaginal discs and the nervous system, which are diploid. The polyploid larval cells grow by increasing cell size rather than through cell division. In contrast, the diploid imaginal disc cells are under tight cell cycle regulation making them particularly sensitive to insults that activate the cell cycle checkpoint.

We reasoned that the dominant effect of the *D. simulans* homolog of *gfzf* is to suppress the proliferation of the imaginal discs, and thereby prevent the larvae from reaching critical mass and initiating the first stages of pupation. To test if *gfzf*^*sim*^ knockdown rescued cell proliferation, we examined the growth of hybrid larval brains. These tissues have a well characterized wave of proliferating S-phase cells which is lost in the hybrid males.[@cit0015] Consistent with our prediction, knockdown of *gfzf* partially restores cell proliferation in the brains of hybrid F1 male larvae. To further test this hypothesis, we drove the knockdown of *gfzf*^*sim*^ in imaginal discs alone and assayed for the rescue of male hybrids. Confining knockdown of *gfzf*^*sim*^ to imaginal discs was sufficient to rescue the viability of hybrid F1 males, suggesting that cell cycle defects in the imaginal discs of hybrid males explain the molecular developmental basis of hybrid F1 male lethality.

Suppressor of killer of prune {#s0004}
=============================

Interestingly, *gfzf* also plays an essential role in a different within-species dominant lethal incompatibility. Sturtevant discovered that when *prune* mutant *D. melanogaster* females are crossed to males from certain wild type *D. melanogaster* strains called "*Killer-of-prune*," the resulting sons are inviable.[@cit0026] *prune* is an X-linked eye color gene and encodes a phosphodiesterase.[@cit0027] *Killer of prune* (*Kpn*) is a single non-synonymous change in the gene *abnormal wing discs* (*awd*).[@cit0028] *awd* is the *Drosophila* homolog of the metastasis suppressor gene *Nm23*, and encodes a nucleoside diphosphate (NDP) kinase.[@cit0029] Although the *Killer of prune* allele of *awd* (*awd*^*Kpn*^) substantially reduces its NDP kinase stability, individuals homozygous for this allele are viable and have no observable phenotypic consequence.[@cit0030] The dominant lethal activity of *Kpn* is seen only in combination with the *prune* mutation, thus behaving as a within species incompatibility. In a comprehensive genetic screen to isolate suppressors of this lethal interaction, 13 mutants were isolated that rescued the viability of *prune-Kpn* individuals.[@cit0020] All of these mutations mapped to *gfzf*, showing that this gene is an essential third component for this dominant lethal incompatibility ([Fig. 1](#f0001){ref-type="fig"}). *gfzf* is, therefore, also known as *Suppressor of Killer of prune* (*Su(Kpn)*). The essential role of a single gene in dominant incompatibilities both within species and between species suggests that there may be limited genetic paths for the evolution of dominant lethal interactions. Figure 1.*gfzf* activity causes an arrest in cell cycle progression. The *pn-Kpn-gfzf* system and *Hmr-Lhr-gfzf* hybrid incompatibility both cause an arrest in cell cycle progression similar to *gfzf* homozygous null mutations. This leads to a developmental arrest and eventual death of larvae. Together, these forms of lethality highlight the surprising role of cell cycle regulation in dominant incompatibilities.

Moving forward {#s0005}
==============

*gfzf* carries four FLYWCH zinc finger domains that are unrelated by homology to any other gene in the *Drosophila* genome, and a Glutathione-S-Transferase (GST) domain. The only other protein in *Drosophila* with FLYWCH domains is the chromatin regulator gene *mod(mdg4)*.[@cit0032] Though FLYWCH domains are rare in *Drosophila*, they appear to be present in all metazoans. This could be due to genomic deposition via several classes of transposable elements that contain DNA binding domains with the FLYWCH motif.[@cit0033] An interesting possibility is that these transposable elements were co-opted by *Drosophila* for gene regulation, similar to the situation in *C. elegans*, where they regulate gene expression via repression of miRNAs.[@cit0035] Combined with the evidence that *gfzf* regulates the abundance of *mek* transcripts, it is also possible that *gfzf* is a transcriptional regulator of the cell cycle via miRNA repression.[@cit0023] *gfzf*, thus, plays an essential role in cell cycle regulation, but its precise molecular function remains unclear. Our active line of inquiry is to determine how *gfzf* interacts with the cell cycle and to understand how this function is related to the arrest in proliferation of imaginal discs in hybrids F1 male larvae. Interestingly, only mutations in the *D. simulans* allele of *gfzf* rescue hybrid F1 male viability; mutations in the *D. melanogaster* allele do not produce any hybrid rescue. These results suggest functional differences in the properties of *gfzf*^*sim*^ and *gfzf*^*mel*^ in hybrids. Our ongoing experiments with chimeric constructs will help identify the causal genetic changes between *gfzf*^*mel*^ and *gfzf*^*sim*^ that lead to the lethal incompatibility.

With the identities of three hybrid incompatibility genes in hand, we can now begin to formulate hypotheses about how they interact together to cause hybrid male inviability. Proteomic studies for genes that interact with *Hmr* and *Lhr* indicate that while they physically interact with each other, there is little evidence to suggest a direct physical interaction with *gfzf*.[@cit0014] Loss of function mutations in either *Hmr* and *Lhr* do not directly affect the cell cycle in *Drosophila*,[@cit0013] but knockdown of either of these genes using RNAi in S2 cells slows cell progression due to lagging chromosomes during mitosis.[@cit0016] Other evidence suggests that *Hmr* and *Lhr* are repressors of transposable element activity.[@cit0016] In contrast to *Hmr* and *Lhr*, all evidence regarding *gfzf* points to a much more direct role in the cell cycle.[@cit0021] Given the lack of physical interaction between *Hmr*/*Lhr* and *gfzf*, it is possible that an incompatible interaction between *Hmr* and *Lhr* causes a perturbation in hybrids that subsequently affects the lethal activity of *gfzf*.

From a genetic perspective, it is unclear whether *Hmr*^*mel*^, *Lhr*^*sim*^ and *gfzf*^*sim*^ fully describe the hybrid incompatibility that kills hybrid F1 males. A genetic screen using autosomal deficiencies did not identify any large effect hybrid lethality factors in *D. melanogaster*.[@cit0037] Our genetic screen in *D. simulans* did not isolate mutations in *Lhr*^*sim*^, suggesting that this screen was not saturated. We, therefore, cannot formally rule out the contribution of more hybrid incompatibility genes by *D. simulans*. If the transgenic introduction of *Lhr*^*sim*^ and *gfzf*^*sim*^ in *D. melanogaster* flies produces a lethal phenotype, this would show that the complete set of *D. simulans* hybrid incompatibility genes responsible for hybrid F1 male lethality has now been identified. Alternatively, if these three genes prove insufficient to reconstitute the hybrid incompatibility, this would suggest the existence of more genes that are essential in the dominant epistatic interaction. In this case, our screen may be modified and carried to saturation to identify these missing partners. Yet another possibility is that a sensitized hybrid genetic background may be required for *Hmr, Lhr*, and *gfzf* to cause hybrid lethality.[@cit0014] For example, scattered heterochromatin interactions[@cit0017] or de-repression of transposable elements may also be essential for hybrid lethality.[@cit0016] Under this scenario, the hybrid incompatibility genes are still required to cause hybrid lethality, but these genes may be responding to many other changes in the hybrid background.

Understanding the particular biological forces that drive the evolution of hybrid incompatibilities is one of the most critical functions of evolutionary genetics. An increasing amount of evidence points toward the role of intragenomic conflict involving selfish genetic elements as a driving force in the evolution of hybrid incompatibilities ([Fig. 2](#f0002){ref-type="fig"}).[@cit0038] In the case of *D. melanogaster* and *D. simulans*, the divergence of *Hmr, Lhr* and *gfzf* may have been driven by an arms race with selfish genetic elements such as transposable elements or satellite sequences, resulting in the evolution of hybrid male lethality between these species. The discovery of more hybrid incompatibility genes and a deeper understanding of the molecular and evolutionary aspects are necessary for a clearer view of the process of speciation. Our genomics approach may be readily modified to identify hybrid incompatibility genes in other model and non-model species where traditional approaches fall short. An acceleration in the identification of hybrid incompatibility genes may not only provide unique insights into the evolution of fundamental cellular processes such as cell cycle regulation, but may also illuminate how new species are born; a process that Darwin famously called "the mystery of mysteries." Figure 2.Intragenomic arms races between the selfish genetic elements and the cellular machinery drive the evolution of hybrid incompatibilities. Interactions between selfish elements and host genomes co-evolve as selection favors selfish elements that can evade host defenses. This in turn triggers an evolutionary response favoring host variants that can defend themselves from selfish elements. The genes that are at the interface of these conflicts are predicted to diverge rapidly under selection, and can lead them to become incompatible between species.
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